We have measured the resonant tunneling current-voltage I(V) characteristics of strained p-Si/Si 1Ϫx Ge x double-barrier microstructures ranging from 1.0 to 0.1 m in lateral extent. The bias spacing between resonant current peaks in the I(V) reflects the energy separation of the Si 1Ϫx Ge x quantum well subbands, which is partially determined by the strain. As the lateral size of the structures decreases, we observe consistent shifts in the I(V) peak spacing corresponding to strain energy relaxation of ϳ30% in smaller structures. An additional I(V) fine structure is observed in the 0.1 m device, consistent with lateral quantization due to nonuniform strain. © 1995 American Institute of Physics.
Heterostructures in lattice-mismatched epitaxial materials offer interesting possibilities of tailoring the electronic properties of semiconductor devices. 1 In a bulk latticemismatched heterostructure with translational invariance in the plane, the strain is biaxial and uniform. As long as the strained layer remains below the critical thickness h c to avoid dislocation formation, the effect of strain on the band structure can be calculated explicitly. 2 In microstructures like quantum wires or dots, however, the lateral extent D of the strained material may be comparable to h c , giving rise to nonuniform, spatially varying strain distributions 3,4 and making the electronic properties difficult to predict. 5 This issue is particularly significant because the active regions of modern semiconductor devices are pushing into the deep submicrometer range.
In our letter we have focused on the scientifically and technologically interesting strained Si/Si 1Ϫx Ge x heterostructures. 6 The epitaxial Si 0.75 Ge 0.25 layers, strained due to a lattice mismatch of Ϫ1% with respect to the Si substrate, are incorporated into the active region of a p-Si/Si 1Ϫx Ge x double-barrier resonant tunneling diode ͑RTD͒. [7] [8] [9] [10] The I(V) characteristics of Si/Si 1Ϫx Ge x RTDs reflect the alignment of the two-dimensional ͑2D͒ subbands in the SiGe quantum well and the occupied hole states in the emitter electrode, with the lowest-lying heavy-hole (HH 0 ) and light-hole (LH 0 ) subbands giving rise to well-resolved current peaks in the I(V). Since the HH 0 -LH 0 subband energy separation contains a large strain-induced contribution, 2,11 the I(V) peak spacing is an experimentally accessible indication of strain in the structure. In the measured I(V) characteristics of submicrometer RTDs, we observe an unambiguous reduction of HH 0 -LH 0 energy separation corresponding to strain relaxation. Estimating the strain contribution to subband energy separation in the simplest possible manner, we find that the original strain due to the Ϫ1% Si/Si 0.75 Ge 0.25 lattice mismatch is relaxed in small Dϭ0.25 m microstructures by nearly a third. Finally, in the smallest, DϷ0.1 m device, we observe an additional structure in the I(V) line shape that we tentatively attribute to strain-induced lateral quantization of the 2D subbands.
Our microstructures were fabricated of p-Si/Si 1Ϫx Ge x RTD material grown at Tϭ550-600°C by atmospheric pressure chemical vapor deposition ͑CVD͒ on a p ϩ -Si substrate. 12, 13 The undoped active region consists of a narrow Ϫ35 Å Si 0.75 Ge 25 well clad by Ϫ45 Å Si barriers. The active region is, in turn, sandwiched between undoped Ϫ100 Å thick Si 0.75 Ge 0.25 layers and then Ϫ100 Å Si 1Ϫx Ge x layers in which the Ge content is graded down to pure Si and the doping is gradually increased to match the p ϩ -Si substrate and top contacting layers. Two-terminal RTDs were fabricated by optical ͑Dу3 m͒ and electron-beam ͑1.0 mуDу0.1 m͒ lithography, followed by Ti-Al contact metal evaporation, liftoff, low-damage reactive ion etching of the device mesa, SiO 2 deposition at Tϭ300°C by plasmaenhanced CVD, dielectric planarization and etch-back, and finally contact pad evaporation. 14 The etching of the microstructure mesa creates a free surface that should result in partial strain relaxation in SiGe layers. A schematic crosssectional diagram together with an SEM micrograph of a Dϭ0.3 m device prior to contact pad evaporation is shown in Fig. 1͑a͒ . It should be noted that because the mesa etch undercut and angled sidewalls the effective lateral size of the RTD is somewhat different from the contact metal pad in Fig. 1͑a͒ -from SEM cross sections we estimate the difference not to exceed Ϯ500 Å.
The I(V) curve of a large device at Tϭ4.2 K is shown in Fig. 1͑b͒ . The current peaks at V p HH ϭ0.151 V and V p LH ϭ0.313 V correspond to tunneling through HH 0 and LH 0 subbands with peak-to-valley ratios exceeding 2:1 and 3:1, respectively ͑comparable to the best results in silicon-based structures 10, 13 ͒. The observed I(V) characteristic can be understood within the well-known sequential tunneling model. 15 In the strained Si 1Ϫx Ge x emitter, the strain splits the HH and LH band edges, 11, 13 so only HH states are occupied at Tϭ4.2 K. When the applied bias lines up available 2D states in the quantum well with the emitter, holes can tunnel resonantly into the well, conserving both E and k Ќ . By combining a calculation of the subband energies with the selfconsistent potential distribution over the device, shown in Fig. 1͑c͒ for a bias of Vϭ0.3 V, 16 one obtains the expected threshold and peak bias values for the I(V) peaks ͑see Ref.
13 for a detailed description͒. Conversely, the HH 0 -LH 0 peak spacing can be converted to subband energy separation ⌬E 00 . In lattice-matched III-V RTD quantum wells, 17, 18 ⌬E 00 arises from the difference in the heavy and light-hole effective masses m*, but in Si 1Ϫx Ge x quantum wells of our devices the strain also contributes to it. 19 The I(V) characteristics of three RTD microstructures with Dϭ1.0, 0.5, and 0.25 m are shown in Fig. 2 . The overall I(V) line shape is retained, with very good peak-tovalley ratios down to Dϭ0.2 m indicating minimal surface damage. As D decreases the current peaks shift: the V p LH peak moves to lower bias, while the V p HH peak moves toward higher bias. Further, the relative magnitude of the current peaks changes, with the V p LH peak becoming relatively stronger ͓compare with Fig. 1͑b͔͒ -indicative of shifts in the energy alignment of the 2D subbands with respect to the occupied emitter states. Since the V p LH shifts to lower bias, parasitic series resistance is not the cause. Further, for the device sizes D in Fig. 2 , geometric lateral quantization energy scale ប 2 /2m*D 2 Ӷ1 meV and hence cannot play any role. Therefore, the changing I(V) characteristics of submicrometer RTDs can be unambiguously attributed to strain relaxation in the quantum well, 4 which reduces the subband separation ⌬E 00 and hence the V p HH and V p LH peak separation. The measured resonant peak spacing shift ⌬V p ϵ(V p LH ϪV p HH ) for devices down to Dϭ0.20 m is shown in Fig. 3 , together with the corresponding ⌬E 00 values obtained from the self-consistent calculations analogous to Fig. 1͑c͒ . If we assume that changes in the band-edge splitting ⌬E translate directly into changes in the HH 0 -LH 0 subband energy spacing ⌬E 00 and replace the nonuniform strain in the device by an average value, we can easily estimate the average strain relaxation as a function of device size. The strain-induced band-edge splitting ⌬E for Si 1Ϫx Ge x strained to Si is given by
͑1͒
where ⌳͑xϭ0.25͒ϭ0.106 eV is the interpolated spin-orbit splitting, and ͑x͒ϭ29 meV is the strain energy due to lattice mismatch. In bulk Si 0.75 Ge 0.25 , ⌬Eϭ40 meV, whereas from Fig. 3 we find that in the Dϭ0.25 m device, the HH 0 -LH 0 subband separation ⌬E 00 has decreased by Ϫ10 meV. Equation ͑1͒ then gives an average relaxation ⌬͑x͒Ϸ9 meV, about 30% of the strain energy in the Si 0.75 Ge 0.25 layer on Si. We stress that in addition to the naiveté of our model, the above estimate yields only an average value, whereas the actual strain energy distribution should be strongly nonuniform. Figure 4 shows the Tϭ1.5 K I(V) characteristics of the smallest successful device fabricated thus far ͑Dϭ0.1 m͒. The different overall line shape of the I(V) resonant peaks makes comparison with the larger microstructures of Fig. 2 difficult. The V p HH peak has given way to a double steplike structure, while the stronger V p LH peak has developed an additional fine structure. We note once again that even for Dϭ0.1 m, the geometric lateral quantization energy scale is much too small to account for the observed structure. However, if the relatively sharp lateral distributions of strain energy calculated for narrow wires in Ref. 4 also holds for our dotlike structures, the quantization due to strain-induced ϳ10 meV lateral potential steps 20 would be consistent with the I(V) curve shown in Fig. 4 . The fabrication and measurement of more devices in the Dϳ0.1 m regime is in progress.
In conclusion, we have used double-barrier resonant tunneling spectroscopy as a novel tool for examining strain relaxation in semiconductor microstructures. Our results indicate that strain relaxation is a large effect in submicrometer devices, reaching ϳ30% of the strain energy in Si 0.75 Ge 0.25 layers when the lateral extent falls below 0.3 m. Consequently, the properties of semiconductor devices with built-in strain calculated under the assumption that the strain remains unaffected by the fabrication of submicron structures may require re-examination.
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